This study was conducted to evaluate the efficiency of dietary zinc forms and dosages on egg production performance, egg quality, and bone characteristics in laying hens. Forty-two-week-old, 144 Lohmann LSL-Lite laying hens were allocated to 12 experimental groups in a 4 (forms) × 3 (dosages) factorial arrangement. Four zinc forms including zinc-sulphate and zinc-oxide as inorganic forms, zinc-glycine as organic form and nano zinc-oxide powder as nano form at different dosages (50, 75 and 100 mg per kg diet) were tested. Compared to the inorganic (zinc-sulphate) form, the zinc-glycine supplementation significantly depressed the egg weight, egg mass and feed conversion ratio. The eggshell thickness was significantly decreased by supplementation with nano zinc-oxide. The shear force of tibia was significantly decreased by zinc-glycine or nano zinc-oxide supplemented in the diet when compared to inorganic forms of zinc. On the other hand, the dietary 50 mg/kg dosage of zinc was sufficient for optimum performance and the dietary 75 mg/kg dosage of zinc significantly improved shear force of tibia in laying hens. Tibia zinc content increased with the dietary 100 mg/kg dosage of zinc. The interactions between zinc forms and dosages had a significant effect on egg weight, feed intake, feed conversion ratio, eggshell thickness, shear force and shear stress of bone, and tibia calcium concentration. The highest egg weight and the lowest eggshell thickness were observed for the group fed with nano Zn-oxide at 100 mg/kg in the diet. These results showed that nano zinc form supplementation negatively affects the eggshell thickness and bone mechanical properties. The zinc in nano form may not be suggested for feeding laying hens, but other forms of zinc could be used safely in layer diets.
hens. This practice has caused concerns regarding optimisation of the genetic potential of modern breeds and environmental issues (Ao and Pierce, 2013) .
Cracked-broken eggs proportion may be about 8% and this can cause major economic losses in the egg industry (Bain, 1997) . Many studies have been focused on macro-minerals such as calcium (Ca) and phosphorus (P) and trace minerals. Also, trace minerals such as Zn play an important role in eggshell formation. Zinc is a cofactor and/or structural component of carbonic anhydrase which is very important for supplying the carbonate ions needed during eggshell formation (Nys et al., 1999) ; thus, the addition of Zn in the diet has been effective to increase eggshell quality (Zamani et al., 2005; Amem and Al-Daraji, 2011; Bahakaim et al., 2014) .
The Ca which is necessary for eggshell formation is absorbed from the intestine. Additionally, a part of the absorbed Ca from intestine is stored in medullary bone, where it is later released for the calcification of eggshells (Etches, 1987; Webster, 2004; Jonchere et al., 2012) . Therefore, the maintenance of bone health is important for the protection of hens' health and optimising eggshell quality. The Zn supplementation increases bone strength by favourably modulating bone and by inhibiting osteoclast differentiation (Yamaguchi and Kishi, 1996; Ovesen et al., 2001; Peretz et al., 2001; Hadley et al., 2010; Nagata and Lönnerdal, 2011) .
Some researchers showed that the biomechanical properties and mineralisation of bone in birds was positively affected by Zn supplementation (Sunder et al., 2008; Idowu et al., 2011; Stofanikova et al., 2011; Sahraei et al., 2012) 
in diets.
Zinc bioavailability is 6-11% in monogastric animals (Brody, 1997) . The bioavailability and tissue accumulation of Zn depend upon various factors such as its chemical form, feed composition, age and physiological state of hens, and interactions with other minerals (Leeson, 2005; Mezes et al., 2012) . The most commonly used Zn for poultry diet is inorganic Zn in the form of sulphate due to its cost and commercial availability. Kidd et al. (1996) indicated that dietary organic sources of Zn might be absorbed intact and function differently to inorganic sources of Zn after absorption. Wedekind et al. (1992) reported that Zn-methionine as an organic form of Zn was more bioavailable than Zn-sulphate or Zn-oxide as inorganic forms of Zn.
As a general rule, the smaller the particles, the higher and the more effective their absorption, especially if the particle size is below 100 nm (Hett, 2004) . Thus, it was hypothesised that nanoparticles were easier to absorb compared to their inorganic or organic counterparts (Hett, 2004) . Nano trace element may enter the animal's body through direct penetration; therefore, its utilisation rate will be much higher than that of the ordinary inorganic trace elements (Huang et al., 2015) . Sahoo et al. (2014) and Mohammadi et al. (2015) reported that the tibia Zn concentration in nanoparticle Zn samples was higher relative to the Zn-sulphate form of Zn.
There is very limited information available concerning the comparative effects of the supplementation of dietary nano Zn in laying hens. Therefore, the aim of this study was to determine the effects of Zn forms and dosages and their interactions on the egg production performance, eggshell quality, and bone mechanical and mineralisation in laying hens.
Material and methods
The criteria specified by the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals were obeyed during the experiments carried out on animals. A total of 144, 42-week-old, Lohmann LSL-Lite laying hens were randomly allocated into 12 treatment groups with 4 replicates each including three hens. Hens were fed on a basal diet, containing 16.0% crude protein, 11.73 MJ/kg ME and 33.40 mg Zn per kg diet (Table 1) . Per kg basal diet was supplemented with 3 increasing dosages of Zn (added to the basal diet 16.6, 41.6 and 66.6 mg Zn to get total Zn contents 50, 75 and 100 mg, respectively) with Zn-sulphate (35%; Newsky Chemical Co. Ltd, Changsha, China), Zn-oxide (72%; Metaltek Metallurgy, Ankara, Turkey), Zn-glycine (26%; Phytobiotics GmbH, Eltville, Germany) or nano Zn-oxide sources (99+%; 35-45 nm; US Research Nanomaterials, Inc, Houston, USA). The experiment lasted for 12 weeks. The birds were housed in an environmentally controlled room equipped with 48 metal battery cages. Feed and water were offered ad libitum throughout the experiment. The lighting programme was 16h L: 8h D throughout the experimental period. The body weight of hens was determined by weighing the hens individually at the beginning and end of the experiment. Egg production (EP) was recorded daily. Feed intake (FI) was calculated as the mean for the subgroup for the 12-week trial period (FI = given total feed -remaining feed in manger). Egg mass (EM) was calculated from the EP and egg weight (EW) data using the formula: EM = (EP × EW)/ Period (days). The feed conversion ratio (FCR) was calculated using the formula; FCR = FI/EM.
Damaged eggs were calculated using the formula: damaged eggs (%) = [(total egg production (number) / damaged eggs (number)) / 100]. The eggs were examined to determine the EW and eggshell quality characteristics (shell breaking strength, shell weight, and shell thickness) for all collected eggs produced during the last three days of the study. Eggshell breaking strength was measured using a cantilever system by applying increasing pressure to the broad pole of the shell using an Egg Force Reader (Orka Food Technology Ltd., Ramat Hasharon, Israel). The eggs were broken to separate and weigh the eggshell. Eggshells were weighed using a 0.01 g precision scale. Eggshell weight was calculated using the formula: eggshell weight (%) = [(eggshell weight (g)/EW (g))/100]. Eggshell thickness (including the membrane) was determined at three points on the eggs (one point on the air cell and two randomised points on the equator) using a micrometre (Mitutoyo Inc., Kawasaki, Japan).
Hens (one hen per replicate and four hens per treatment group) were killed humanely by cervical dislocation, and then the left and right tibias with some attached flesh were collected. Bones were excised from all flesh and proximal cartilages were removed. While the left tibias were used for the determination of mineral contents, the right tibias were used for measuring the bone mechanical properties. The sample tibias were placed in a plastic container and stored at −20ºC until analysis. The tibias were thawed at room temperature for 6 h in an air-conditioned room before the measurements began. The tibia mechanical properties were determined from the load-deformation curve generated from a three-point bending test (ASAE, 2001) using an Instron Universal Testing Instrument (Model 1122; Instron, Canton, MA) and the Test Works 4 software package (version 4.02; MTS System Corporation, Eden Prairie, MN). The crosshead speed was constant at 5 mm per min. The full-scale load of the load cell was 5,000 Newtons (N). Shear force tests were performed on the tibia using a double-shear block apparatus. The shear force was exerted over a 6.35-mm (0.25-inch) section located at the centre of the diaphysis. These tests enabled the ultimate shear force and shear stress to be evaluated for each bone. The diameter and wall thickness of the tibia was measured using digital callipers (precision of 0.001 mm) at two points on the central axis of the tibia that was used to determine the mechanical properties. The shear stress was calculated using the formula: Shear stress = Shear force/(π × (diameter of tibia/2) 2 -(cavity diameter of tibia/2) 2 . These mechanical properties of the bone are described by Wilson and Ruszler (1996) and Armstrong et al. (2002) .
Tibia mineral contents were determined by using MarsXpress Technology Inside and an Inductively Coupled Plasma Atomic Emission Spectrometer (Vista AX CCD Simultaneous ICP-AES, Varian, Mulgrave, Australia). Approximately 200 mg dried sample (bone with marrow removed) was introduced into a burning cup and 5 mL nitric acid, 3 mL perchloric acid and 2 mL hydrogen peroxide were added. The sample was incinerated in a MARS 5 Microwave Oven (CEM, Corp., Mathews, NC, USA) at 190°C and 1.207 kPa pressure, and subsequently diluted to 25 mL with distilled water. The mineral concentrations were determined using an ICP-AES (Skujins, 1998).
Data were subjected to ANOVA using General Linear Model procedure in Minitab (2000). Duncan's multiple range tests were applied to separate means. Differences were considered as significant when P-value was less than 0.01 or 0.05. The performance parameters are reported in Table 2 according to the forms and dosages of Zn. There were no significant differences in body weight change and EP between the treatment groups (P>0.05). The Zn forms were significantly affected: EW (P<0.01), EM (P<0.01) and FCR (P<0.05). The EW and FCR were improved in laying hens supplemented with Zn-sulphate, compared to those given Zn-oxide and Zn-glycine. Also, the EM was increased with Zn-sulphate in comparison with Zn-glycine. The different dietary Zn dosages as main factors have significantly affected the EW and FCR (P<0.05). The EW was significantly reduced with 75 mg/kg dietary Zn when compared to the other groups, while FCR was dramatically deteriorated with 75 mg/kg dietary Zn. The interactions between Zn forms and dosages had a significant effect on EW, FI and FCR (P<0.05), but not on other parameters (P>0.05). The highest EW were found in laying hens fed with nano Zn-oxide*100, whereas the lowest values were observed in birds receiving Zn-glycine*75. Additionally, FI was notably reduced in subgroups fed with Zn-glycine*100. The best FCR was observed in the Zn-sulphate*75 interaction group.
The eggshell quality parameters are shown in Table 3 . All eggshell parameters were not significantly affected by forms, dosages or interactions with Zn except for eggshell thickness. The eggshell thickness (P<0.05) was dramatically reduced when birds were supplemented with Zn in the nano form, in comparison with the Zn-sulphate and Zn-glycine forms. The eggshell thickness was markedly increased (P<0.01) when hens were fed with 100 mg/kg Zn compared to the 75 mg/kg Zn group. The lowest eggshell thickness (P<0.05) was obtained in nano Zn-oxide*100 eggs, and the highest eggshell thickness was obtained in Zn-glycine*100 eggs.
The biomechanical properties and mineralisation of the bone in laying hens with Zn forms and dosages are shown in Table 4 . The different Zn forms did not significantly affect the bone share stress, however, the shear force was increased in laying hens supplemented with Zn-sulphate compared to those receiving Zn-glycine or nano Zn-oxide (P<0.05). Similarly, the different dietary Zn dosages had significant effects only on the shear force from the bone properties (P<0.01). Also, shear force was significantly increased by 75 mg/kg Zn when compared to 50 or 100 mg/kg Zn. The interaction between Zn forms and dosages was significant with respect to shear force (P<0.01) and shear stress (P<0.05). The shear force and shear stress were found to be lower in Zn-oxide*100 bones, in comparison with Zn-oxide*75, Znsulphate*75 or Zn-sulphate*100 bones.
The forms and dosages of Zn as main factors and their combinations had no effect on P content of the tibia (P>0.05). As shown in Table 4 , tibia Zn content was significantly higher in birds treated with the highest Zn (100 mg/kg) dosage compared to the other doses (P<0.05). The interactions between forms and dosages of Zn significantly affected the Ca content of tibia (P<0.001). The highest Ca content in the tibia was obtained for the group fed with Zn-oxide*50. Also, the lowest Ca content in the tibia was obtained for the group fed with Zn-oxide*100. 
discussion
The present study showed that the dietary incorporation of Zn-sulphate as an inorganic form of Zn induced significant amelioration in EW and FCR when compared with Zn-oxide and Zn-glycine forms of Zn. Also, EM was increased with additional Zn-sulphate as an inorganic form of Zn when compared with Zn-glycine form of Zn. Generally, as shown in Table 2 , the performance parameters of hens were deteriorated by the addition of Zn-glycine as an organic form of Zn to the diet, and the supplementation of the nano form of Zn to the diet did not affect these parameters, compared to those fed with inorganic forms of Zn. The results disagree with the findings of Tabatabaie et al. (2007) and Idowu et al. (2011) , who showed that the feed efficiency was significantly improved at a concentration of the organic form of Zn compared to inorganic (Zn-oxide or Zn-sulphate). Bahakaim et al. (2014) indicated that the EM increased with the addition of organic Zn (Zn-methionine) compared to Zn-sulphate as inorganic form of Zn in laying hens. Also, Mohammadi et al. (2015) stated that the dietary zinc-nano-sulphate supplementation decreased body weight when compared to other Zn sources, but FCR was not influenced by treatment groups in broilers. Nevertheless, studies in previous years indicated that the EW (Hudson et al., 2004; Idowu et al., 2011 ), EM (Tabatabaie et al., 2007 and FCR (Bahakaim et al., 2014) were not affected by organic or inorganic forms of Zn. In the present study, EW and FCR significantly deteriorated in hens being fed 75 mg/kg Zn. Zamani et al. (2005) and Amem and Al-Daraji (2011) stated that EW was increased following supplementation with 50 mg/kg and 75 mg/kg Zn in the diet, respectively. Bahakaim et al. (2014) noted that the best FCR was recorded for hens fed diets supplemented with 50 mg/kg Zn. Kucuk et al. (2003) demonstrated that adding Zn (30 mg/kg) to the basal diet improved feed efficiency of broilers. The highest EW was observed for the group fed with nano Zn-oxide*100 in the diet. Also, the lowest EW was observed for the group fed with Zn-glycine*75 in the diet. The FI was significantly higher in the interaction group fed a diet containing Zn-glycine*75 than in groups fed Znglycine*50 or Zn-glycine*100. The best FCR was observed for the group fed with Zn-sulphate*75 in the diet. Also, the worst FCR was observed for the group fed with Zn-glycine*75 in the diet. This result disagrees with the findings of Tabatabaie et al. (2007) , who noted that interactions between the different Zn sources and levels had no effect on EW and FCR in laying hens, but FI was in the group receiving 79 mg/ kg organic Zn (adding 50 mg/kg). However, Bahakaim et al. (2014) reported that the lowest values of FI and FCR were recorded with layers fed diet supplemented with 150 mg/kg Zn-sulphate and 100 mg/kg Zn-methionine, respectively.
Zn plays an important role in the isthmus, where eggshell membranes are produced. Besides, dietary zinc improved eggshell quality because it is a component of the carbonic anhydrase enzyme, which is necessary for the formation of eggshells (Innocenti et al., 2004) . On the other hand, it was observed in the present study that eggshell thickness was significantly decreased when birds were supplemented with the nano form of Zn, but this effect was not observed between organic and inorganic sources of Zn. Similar to the current study results, Tabatabaie et al. (2007) and Idowu et al. (2011) stated that the addition of different sources of Zn had no effect on eggshell thickness. However, Bahakaim et al. (2014) found that the eggshell thickness improved as a result of using organic Zn in diets. In the current study, it was also observed that the dietary 100 mg/kg Zn in diets induced a marked increase of eggshell thickness in laying hens compared to 50 and 75 mg/kg Zn contents. Similarly, Zamani et al. (2005) and Amem and Al-Daraji (2011) showed that supplementation of Zn (from 50 to 150 mg/kg) increased eggshell thickness in laying hens and broiler breeders. However, the previous studies by Kita et al. (1997) and Bahakaim et al. (2014) demonstrated that supplementing diets with Zn (from 50 to 150 mg/kg) did not affect eggshell thickness in laying hens. The interactions between forms and dosages of Zn were significant on the eggshell thickness, and it was increased with the Zn dosages added to the diets of the Zn-oxide or Zn-glycine forms of Zn, whereas it was reduced by Zn dosage added to the diets of the Zn-sulphate or nano Zn-oxide forms of Zn. Nevertheless, Bahakaim et al. (2014) reported that the eggshell thickness was affected by interaction sources (organic or inorganic) and levels (50, 100 or 150 mg/kg) of Zn.
The Zn, which is used by Zn-dependent enzymes such as alkaline phosphatase, collagenase and aminoacyl-tRNA synthetase, is essential for bone tissue and bone strength (Beattie and Avenell, 1992; Wang et al., 2002; Rossi et al., 2007; Shelton and Southern, 2007; Yamaguchi, 2010) . The insufficient zinc content of feed caused a reduction of bone density and a deterioration of compact bone formation due to the role of Zn in protein synthesis (Scrimgeour et al., 2007; Shelton and Southern, 2007) . The shear force of the tibia was significantly higher in the group fed diets containing the Zn-sulphate form of Zn in comparison with the organic or nano forms of Zn. This result was similar to that of Sahraei et al. (2012) , who reported that the wall thickness and tibiotarsal index of tibia were significantly higher in chicks fed Zn-oxide as an inorganic Zn source than in those fed with Bioplex Zn as an organic Zn source. The lowest shear force was observed for the group fed with nano Zn-oxide in the diet. The present study showed that the 75 mg/kg dosage of Zn in the diet significantly increased shear force of the tibia when compared to 50 or 100 mg/kg Zn, which is in agreement with previous reports by Stofanikova et al. (2011) and Sahraei et al. (2012) . Furthermore, Wang et al. (2002) noted that the lower Zn content in diet led to a reduction in bone density and bone length. Nevertheless, Swiatkiewicz and Koreleski (2008) found that bone biomechanical properties were not affected by Zn supplementation (30 mg/kg) in laying hens. Interactions between forms and dosages of Zn were significant on the shear force and shear stress of the tibia; the highest shear force and shear stress were obtained in hens fed the Zn-oxide form associated with a Zn dosage of 75 mg/kg. Sahraei et al. (2012) stated that the addition of 150 mg/ kg Zn as Zn-oxide resulted in higher mechanical properties of the tibia than dosages (100 or 200 mg/kg) or sources (Bioplex Zn) of Zn. Midilli et al. (2015) showed that the modulus of elasticity and breaking stress were not affected by 75 mg/kg Zn as organic or inorganic forms. The tibia Zn concentration was only significantly increased with the highest Zn dose (100 mg/kg) added to the diets. Idowu et al. (2011) reported that the tibia Zn concentration in supplemented Zn samples in laying hens was significantly higher relative to the control group. Ao et al. (2006) and Rossi et al. (2007) demonstrated that dietary supplementation (from 5 to 60 mg/kg) of Zn as organic or inorganic forms increased tibia Zn content in broilers. Similarly, Mohanna and Nys (1999) and Sunder et al. (2008) noted that the concentration of Zn in tibia of broilers increased linearly with dosage of Zn (from 10 to 320 mg/kg) in broiler feeds. The results of the present study showed that the interactions between forms and dosages of Zn had a significant effect on the Ca contents of tibia. The Ca content of tibia was decreased with the Zn dosages added to the diets of the Zn-oxide or nano Zn-oxide forms of Zn, whereas an increase depending on Zn dosage added to the diets of the Zn-sulphate or Zn-glycine forms of Zn was observed. Sahoo et al. (2014) reported that the Ca concentration of tibia was not affected by sources (organic, inorganic or nano) or levels of Zn in broilers. Idowu et al. (2011) found that the Ca concentration in tibia was significantly increased in hens supplemented with organic Zn compared to those supplemented with inorganic Zn.
Previous studies had shown that organic or nano forms of Zn were more bioavailable than inorganic forms of Zn, but this effect, which is expected from organic or nano forms of Zn, was not observed in the present study. The NRC (1994) and Leeson and Summers (2005) stated that 35 and 50 mg/kg Zn was adequate to meet the requirements of laying hens, respectively. However, in most previous studies, there were no Zn groups added as a negative group. Therefore, the forms and dosages of Zn had a significant effect on performance, egg quality or bone parameters of hens when compared to other groups, because the Zn requirement of hens did not meet with the basal diet. Additionally, the high EP (average 96.30%) of the groups may have caused a Zn deficiency in hens because high EP may increase zinc requirements. Spears (1989) indicated that when an inadequate level of Zn was provided in the diet, the absorption of different forms of Zn was similar. The nano form of Zn in the diet and/or in the digestive system chelates with different inorganic or organic substances, and its absorption in the intestine may be decreased or excretion increased; however, this is not clear, and there is a need for more detailed studies. The differences between the studies may include the use of different Zn sources (e.g., Znmethionine, Zn-proteinate or nano Zn-sulphate), and the genetic differences, ages and physiological states of birds (Wedekind et al., 1992; Hudson et al., 2004; Amem and Al-Daraji, 2011; Sahoo et al., 2014; Mohammadi et al., 2015) .
In conclusion, the Zn-sulphate form of Zn had a positive effect on FCR, and inorganic forms of Zn increased the shear force of tibia, especially the sulphate form. The laying hens fed with Zn-glycine as the organic form of Zn significantly decreased performance (EW, EM and FCR) and shear force of tibia. Also, the eggshell thickness and shear force of tibia decreased with the addition of the nano form of Zn. These results showed that Zn-sulphate coupled to 50 mg/kg dosage of Zn in diet was optimal for sustaining performance, but for a good eggshell quality Zn-glycine should be added as organic form of Zn.
